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Abstract: Spatial organization of multiple plant species that appears as a non-random distribution of
vegetative patches is one of the mostly observed spatial patterns in arid ecosystems. Yet understanding of
ecological processes allowing this spatial pattern to emerge through interspecific interactions is still lacking.
With a proposed conceptual model involving interspecific trade-offs between species competitive ability and
colonization ability, we have argued that within patch abundance dynamics regulated by the mechanisms of
competition are strongly influenced by the between patches colonization dynamics that are maintained via
this trade-offs and it holds a positive, intraspecific occupancy-abundance relationship, in which increased
patch occupancy increases species density within inhabiting patches. In a constant environment, while
local abundance dynamics approach toward a stable equilibrium point, a fixed spatial arrangement of species can be retained through this coupled dynamics. However, in fluctuating environments where existence
of such stable equilibriums is highly uncertain, it may involve continuous transitions from one community
state to another as species re-organized themselves over space through the rapid changes in local species
abundances. While some of the inhabiting patches are destroyed exogenously or endogenously, or species
responses to increasing environmental fluctuations vary increasingly with time, discontinuous transitions
into an abrupt, irreversible state of the community dynamics may occur, as with this effect the inherent
positive relationship between occupancy and abundance of species is no longer maintained.
Keywords: spatial organization; competition-colonization tradeoffs; spatial coexistence; occupancy-abundance relationship

1 Introduction
Species those are widely distributed over space often
have higher local densities at the sites at which they
occur than do those more restricted in their spatial distribution (Brown, 1984; Gaston and Lawton, 1990;
Hanski et al., 1993; Gaston, 1994, 1996, 1999). A
positive correlation between the number of sites in
which a species occurs (occupancy) and the average
density of conspecific individuals among those occupied sites (abundance) has frequently been reported
for a diverse range of organisms across spatial and
temporal scales (Holt et al., 2002), and has often been
resulted as a consequence of the spatial distribution of
species of a given multispecies assemblage (Holt et al.,
2002; He et al., 2002). The link between spatial dis-

tribution and this occupancy-abundance relationship is
best illustrated in a range of statistical models that describe this relationship according to the considered
form of probability distribution (Maurer, 1990; He and
Gaston, 2007). These studies, however, suggest that
besides those ecological processes regulating local
species abundance, any factors that would affect species distribution in space would be equally important
in explaining occupancy patterns. In arid regions, usually characterized by patchy distribution of vegetation
over space (Fig. 1), it has frequently been informed
that those factors induce vegetation patchiness exert
strong control over both the local abundances and the
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spatial distribution of species (Maurer, 1990; Kefi et
al., 2007). It has commonly been observed that inhabiting patches those are close to the center of the distribution have higher species abundance than those of
far away patches and hold a positive relationship between the number of patches occupied and the average
density of individuals of species in inhabited patches
(Brown, 1984). Central to this pattern, a hypothesized
mechanism is that of the interspecific competition for
limiting resources within habitable patches coupled
with the local colonization of individuals into nearby
favorable patches (Fowler, 1986). In this connection,
with a proposed conceptual model, we have argued
here that patch occupancy dynamics are strongly
linked with local abundance dynamics via a combination of competition and colonization processes that
held a positive occupancy-abundance relationship, and
then highlighted some of those potential physical rules
that allow an occupancy pattern to emerge as a fixed,
stable, spatial arrangement of species within a
neighborhood interactions, which is frequently being
observed in many arid ecosystems.

Fig. 1 Spatial organization of multiple plant species in Mojave
Desert, it occupies a significant portion of southeastern California
and smaller parts of central California, southern Nevada,
southwestern Utah and northwestern Arizona, in the United
States, and supports many different tree, grass, shrub, and
cactus species.

2 Background processes
An underlying mechanism of spatial organization of
multiple species in arid regions is related to competition among neighboring plant species which gives
species-specific limits to plant growth and survival
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(Fowler, 1986; Bolker and Pacala, 1999). Studies on
various spatial patterns observed in arid or semi-arid
regions have asserted the importance of competition
for determining transitions from aggregated distributions of plant species into random ones and random
distributions into regular (i.e., overdispersed) ones
(Aguiar and Sala, 1999). A most common explanation
for the intraspecific transitions is that the competition
among neighboring plants, which will lead to density-dependent growth and survival and hence plants
that are closer together will be smaller and more likely
to die; competition will therefore convert clumped
(aggregated) distributions of plants into random ones,
and random distributions into regular ones. A variety
of analytical methods, based on this mechanism of
competition, have been used to determine these imminent distribution patterns (Clark and Evans, 1954;
Pielou, 1960, 1962; Berger et al., 2008). In arid regions, the principal form of interspecific competition
within a vegetation patch is for water. Watering experiments showed that increasing water inputs increase the rates of growth and survival, confirming
that it is a limiting resource (Lamb et al., 2007). With
a patchy spatial structure, while multiple plant species
compete for water within a habitat patch, they also
compete for habitable patches through colonization. In
this connection, many field observations on interspecific interactions have revealed that plant species
those are competitively superiors are poor in colonization, whereas species those are superiors in colonization are competitively inferiors (Rees, 1995; Jakobsson and Eriksson, 2000; Cadotte et al., 2006).
This interspecific trade-offs between competitive ability and colonization ability can allow multiple species
to coexist spatially in patchily structured habitat while
each patch is inhabited by a single plant species and
all patches are interlinked through colonization
(Levins and Culver, 1971; Hastings, 1980; Tilman
1994). Superior resource competitors cannot occupy
all of those interlinked suitable patches because of
their poor colonization abilities; inferior competitor
species therefore can pre-occupy those empty patches
where superior competitors are not yet reached. In the
following, we describe how these interspecific patch
o ccupancy dyna mics d riven b y co mpetitorcolonization trade-offs coupled with local abundance
dynamics form a stable occupancy pattern within a
neighborhood of interaction.
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3 The model
Let us consider a habitat composed of multiple patches
interlinked through colonization, and all the patches
are identical to each other in terms of resource availabilities. Each habitat patch is either inhabited by a
single plant species or empty. Species inhabiting these
patches have the same mortality rate, but they differ in
their abilities to compete for limiting resources and in
abilities to colonize habitable patches. Species competitive ability refers to ability to deplete resource at a
lower level at which other species cannot survive, and
colonization ability refers to ability to successfully
recruit a patch in absence of resource competition.
Given a strict competitive hierarchy such that species
of rank 1 is best competitor but weak colonizer and
species of rank N is best colonizer but worse competitor, patch occupancy dynamics can be described by
displacement competition, in which a superior competitor species can displace inferior competitor species
from occupied patches but an inferior competitor species cannot displace a superior competitor species.
Therefore, inferior competitor species can persist only
on those patches that are not yet colonized by superior
competitor species. The classic competitioncolonization model, for example, thoroughly studied
by Tilman (1994) and very recently by Chakraborty
and Li (2009) involved this displacement competition,
predicts that there exists a finite lower limit to colonization rate which allows an inferior competitor species
to overcome displacement competition from superior
competitor species. With this analytical limit, called
‘niche shadow’ by Kinzig et al. (1999), the model predicts spatial coexistence of multiple species. Within
this set up, let us arbitrarily consider a patch, x, occupied by a species, species i. Population density of species i increases with the increased rate of colonization
of individuals from those neighboring patches, nbd(x),
occupied by the same species, thus holding a positive
occupancy-abundance relationship. In a constant environment, the coupled competition-colonization dynamics reach at an equilibrium point at which the rate
of increase of species density equals to the rate of loss
of individuals due to resource limitation. Because of
this intrinsic coupling of within patch abundance dynamics with that of between patches colonization dynamics, an onto-correspondence between equilibrium
density of species i and its occupancy patterns within
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nbd(x) will establish. This means that while species
density reaches at an equilibrium point, a corresponding occupancy pattern (i.e., fraction of neighboring
patches occupied) is naturally being emerged. Alternatively, while occupancy dynamics reach an equilibrium point, species density attains its equilibrium
value. Since interacting species have the same mortality rate, occupancy dynamics are entirely controlled by
competition and colonization processes; absence of a
plant species from one patch means either it has already been displaced by a superior competitor species
or has failed to colonize the patch because of its inferior colonization ability. So in this case, a perturbation
of an equilibrium occupancy pattern means alteration
in the number of patches occupied by a particular species. Given such perturbation, maintenance of the extant correspondence between equilibrium density and
occupancy can not be guaranteed. However, if within
patch density dynamics attain a stable equilibrium
point, it can retain a fixed occupancy pattern—a fixed
spatial arrangement of species within a neighborhood
of interactions.
The above noted conceptual model can be easily
described by using mathematical terms, and rigorous
mathematical analyses of this model may further generate some interesting scholarships that we will present in our forthcoming paper. Local abundance dynamics of species can be described by the following
ordinary differential equations:
dxi
= ri xi (1 − α i xi ) + ei f ( xi , pi ) ,
(1)
dt
where xi is the average species density among the
patches inhabited by the species, species i, and pi is
the fraction of patches occupied by the species. The
species-specific parameter ri represents intrinsic
growth rate and αi represents the rate at which species
density decays due to intraspecific competition mediated through resource limitation, whereas ei is the rate
at which conspecific individuals establish successfully
within a habitat patch as a function f of xi and pi such
that ∂f ∂pi > 0 . For ei=0, local abundance dynamics

are unaffected by occupancy dynamics and has a single equilibrium xi=1/αi. The last term, however, causes
for alternative states and describes intraspecific abundance-occupancy relationship over time. The associated occupancy dynamics can be described by the following competition-colonization model involving displacement competition among interacting species:
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⎛
dpi
= ci pi xi ⎜1 −
⎜
dt
⎝
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⎞
p j x j pi ⎟ − m xi pi ,
⎟
j =1
j =1
⎠
(2)
where the colonization rate, ci, is greater than cj for i>j;
m is the per capita mortality rate, summarizing all
forms of density-independent mortality of adult; and
cipixi refers to the rate of propagule production from
occupied patches. The first term in the right hand side
of the equation represents the rate of production of
newly occupied patches, and the second term represents the rate of displacement by superior competitor
species (further details can be found in Tilman, 1994).
The combined dynamics represented by Eqs. (1) and
(2) describe interlinked abundance-occupancy dynamics within a patchy habitat.
i

∑

⎞ ⎛
p j ⎟ −⎜
⎟ ⎜
⎠ ⎝

i −1

∑c

j

Fig. 2 Transitions into an abrupt, irreversible state of coupled
occupancy-abundance dynamics (a), which is resulted from a
large perturbation that causes breakup of positive, intraspecific
occupancy-abundance relationship (b). This phase portrait has
drawn for two-species interactions and this case is presented for
an inferior competitor species; the rate at which conspecific individuals from neighboring patches establish successfully within an
inhabiting patch is described by Holling type II function i.e.,
f(xi,pi)=pixi/(ki+xi). The considered numerical values for the model
parameters and initial values for the state variables are as follows:
α1=0.1, α2=0.3, c1=0.01, c2=0.7, m=0.01, k1=k2=0.4, e1=0.4,
e2=0.8, r1=0.005t, r2=0.6t, and x1(0)=0.1, x2(0)=0.2, p1(0)=0.1,
p2(0)=0.3.
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4 Conclusion and implications
General implications of the above noted conceptual
model can be summed up into following rules that
may provide important linkages between the observed
spatial patterns and the processes of plant species assemblage:
Rule-1: In a constant arid environment, ecological
mechanisms or processes those induce vegetation
patchiness (e.g., interspecific competition) and those
interlink habitat patches (e.g., local colonization) exert
a positive, intrinsic link between occupancy and
abundances of species within a neighborhood of interspecific interactions.
Rule-2: A fixed spatial arrangement of species can
emerge while within patch abundance dynamics attain
a stable equilibrium point.
Often observed differences in spatial organization
of multiple species those are drawn from the same
regional species pool are mostly attributed to the ways
through which they have assembled at different spatial
and temporal scales (Drake, 1991). This attribution has
mostly represented by alternative states determined by
disparate trajectories of community dynamics. Whether these states are persistent or are simply transient
clearly depends on involved time-scale differences
between community dynamics occurring at local (i.e.,
within patch) and regional (i.e., among patches) spatial scales. In this connection, following the first rule,
it can be argued that while spatial assemblages are
strongly regulated via a trade-off between species
competitive ability and colonization ability, differences in spatial organization can be represented by
alternative states of a coupled abundance-occupancy
dynamics that holds a positive relationship between
occupancy and abundances of plant species. We have
presumed, as those of most metapopulation studies,
that local (i.e., within patch) abundance dynamics occur at faster time scale than that of between patches
colonization dynamics, resulting in occupancy of each
patch by a particular species. In a constant environment where local abundance dynamics approach toward a stable equilibrium point, a stable occupancy
pattern may emerge, as stated in the second rule.
However, in fluctuating environments where existence
of such stable equilibriums is highly uncertain may
involve continuous transitions from one dynamic state
to another as species re-organized themselves over
space through the rapid changes in local abundances.
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An another potential implication of these two rules is
that destruction of inhabiting patches, or increased
variation in species response to increasing environmental fluctuation may promote discontinuous transitions into an abrupt, irreversible state of the community dynamics, as with this effect the inherent positive
relationship between occupancy and abundance of
species cannot be maintained (Fig. 2).
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